Abstract. let-7g mirnas, short non-coding rnas approximately 21 nucleotides long, repress protein translation by binding to the 3'uTr of target mrnas. aberrant expression of let-7g is associated with the poor prognosis of lung cancer patients. compared to normal lung cells, let-7g expression is absent in non-small cell lung cancer (nSclc) cells. Furthermore, K-ras and HMGa2 are well known as targets of let-7g. in this study, we evaluated the potential role of precursor (pre)-let-7g in lung cancer cell metastasis, focusing on the two targets of let-7g, HMGa2 and K-ras. We found that pre-let-7g inhibited the migration of a549 lung cancer cells through HMGa2-mediated e2F1 down-regulation. Thus, our results suggest that pre-let-7g could be used as a suitable target for the suppression of lung cancer cell migration.
Introduction
Micrornas (mirnas) are a class of short non-coding rnas approximately 21 nucleotides long. They are converted to mature forms of mirnas through stepwise processing, including the generation of ~70-nucleotide precursor (pre)-mirnas. These pre-mirnas have a characteristic hairpin structure from the longer nascent transcripts (primary mirna), and are converted into a mature form by dicer-mediated processing. Mature mirnas regulate gene expression as translational repressors through highly conserved base-pairing to target mrnas, typically at sites located in the 3'uTr region (1) (2) (3) . in humans, thousands of mirnas have been discovered (4) , and mirnas are predicted to control the activity of approximately 30% of all protein-coding genes. individual mirnas can target diverse mrnas, and an individual mrna can be regulated by several mirnas; therefore, relatively few mirnas can alter a large number of proteins (5, 6) .
in particular, the let-7 mirna family has been proposed to function in tumor suppression (7) . There are at least 9 individual members of the let-7 family in mammals, and several let-7 genes are located in regions frequently deleted in human cancer (8) . Moreover, let-7 expression was found to be reduced in a subset of non-small cell lung cancer (nSclc) patients, and this reduction was highly correlated with poor prognosis (2) .
Since the initial identification of K-Ras as a direct target of let-7 mirna, several computational algorithms have identified HMGA2 as a convincing target of let-7 miRNA (7, 9, 10) . However, the consequences of let-7g targeting of both HMGa2 and K-ras have not been investigated. in this study, we evaluated the potential role of pre-let-7g mirna in lung cancer cell metastasis, focusing on the two targets of let-7g, HMGa2 and K-ras. Here, we report that pre-let-7g inhibited migration of a549 lung cancer cells through HMGa2-mediated e2F1 down-regulation. our results suggest that let-7g may be used as a good target for suppression of lung cancer cell migration.
Materials and methods
Reagents, plasmids and antibodies. Penicillin/streptomycin was purchased from GibcoBrl (Grand island, nY, uSa). Mirus Bio TransiT-lT1 transfection reagent and the siXpress™ expression vector were purchased from Mirus Bio (Madison, Wi, uSa). Mitomycin c and 4' ,6'-diamidino-2-phenylindole (daPi) were purchased from Sigma-aldrich (St. louis, Mo, uSa). Fluorescein isothiocyanate (FiTc)-conjugated AffiniPure goat anti-rabbit IgG was purchased Suppression of A549 lung cancer cell migration by precursor let-7g microRNA from jackson immunoresearch laboratories (West Grove, Pa, uSa). The bicistronic construct, pcdna-fluc pol ireS-rluc, was donated by dr Gram (novartis Pharma aG, Basel, Switzerland). Pre-let-7g was inserted into the siXpress expression vector. K-ras sirna, HMGa2 (HMGi-c) sirna, sirna transfection reagent, anti-K-ras, anti-p53, anti-e2F1, and anti-eiF4e-BP1 antibodies were obtained from Santa cruz Biotechnology (Santa cruz, ca, uSa). The antibody against HMGa2 was purchased from Biocheck (Foster city, ca, uSa).
Cell culture and transfection. Human lung cell lines (a549, nl20, H1703, H520, H460 and H226) were originally obtained from aTcc. cells were incubated in rPMi-1640 medium supplemented with 10% FBS and penicillin/streptomycin. cells were transiently transfected using Mirus Bio TransiT-lT1 transfection reagent according to the manufacturer's instructions.
Luciferase assay. For the luciferase assay, luciferase activities in the cell lysates were measured according to the manufacturer's instructions. Briefly, after transfection, cells were collected in passive lysis buffer (Promega, Madison, Wi, uSa). cell lysates were centrifuged for 1 min at 13,000 rpm at 4̊C, and the supernatant was centrifuged for an additional 1 min at 13,000 rpm at 4̊C. Firefly luciferase and renilla luciferase activities were measured using a dual luciferase assay kit (Promega).
Western blot analysis. cells were grown in 75-cm 2 culture flasks. Controls were treated with transfection reagent, empty vector plasmids, or pre-let-7g plasmids for 48 h. For extraction of total proteins, cells were lysed and centrifuged at 13,000 rpm for 1 min, and the supernatant was used for Western blotting. Protein concentration was measured using the Bca kit (Pierce, rockfort, il, uSa), and 25 µg of protein was separated on SdS-PaGe and transferred to nitrocellulose membranes (amersham Pharmacia, cambridge, uK). The membranes were blocked for 1 h in Tris-buffered saline and Tween-20 containing 5% skim milk, and immunoblotting was performed by incubation overnight at 4̊C, and then with secondary antibodies conjugated to horseradish peroxide for 2 h at room temperature or overnight at 4̊C. After washing, the bands of interest were analyzed by the luminescent image analyzer LAS-3000 (Fujifilm, Tokyo, Japan), and quantification of Western blot analysis was performed using the Multi Gauge version 2.02 program (Fujifilm).
Immunocytochemistry. cells were grown on cover slips in 2-well plates and transfected with pre-let-7g plasmids. after 48 h, cells were rinsed twice with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 20 min, and then permeabilized with 0.3% Triton X-100 for 10 min. cells were washed three times with PBS and treated with 3.7% bovine serum albumin (BSa) for 1 h, followed by incubation with the anti-e2F1 antibody (1:1000 dilution) in 3.7% BSa for 24 h at 4̊C. The primary antibody was removed from the cells, which were then washed three times with PBS and incubated with FiTc-conjugated secondary antibodies (1:50) for 1 h at room temperature. cells were counter-stained with daPi for 30 min before visualization under a confocal microscope (carl Zeiss, jena, Germany).
RNA extraction and reverse transcription PCR.
Pre-let-7g cDNA was synthesized from total RNA using specific primers as described in a previous study (11) . Briefly, total RNA was extracted from 2x10 6 cells using Trizol (invitrogen, carlsbad, ca, uSa) according to the manufacturer's protocol. Total rna was extracted from lung cancer cell lines using Trizol and analyzed using the one-Step rT-Pcr premix kit (intron Biotechnology, Seongnam, Korea). Gene-specific primers included a mixture of 0.5 pM each of the antisense primers to pre-let-7g and GaPdH. rT-Pcr reaction of samples was performed according to the manufacturer's protocol.
Monolayer wound healing assay. in order to block cell proliferation, confluent A549 monolayers were scratched with a pipette tip, with a 30 min pre-incubation in the presence of the dna synthesis inhibitor mitomycin c (3 µg/ml). Wound areas were observed using phase contrast microscopy on an inverted microscope. images of the same areas were captured at regular intervals over the course of 0-96 h. The cell migration area was measured using Paint.net v3.10 free software.
Flow cytometry for cell cycle analysis. after treatment, all of the cells were harvested by trypsinization, washed with icecold PBS and fixed in 70% ice-cold ethanol diluted in PBS. approximately 1x10 5 cells per tube were incubated in PBS containing 20 µg/ml rnase and 100 µg/ml propidium iodide at room temperature for 5-10 min before flow cytometric analysis. cell cycle distribution was determined using a jasco FP-6500 spectrofluorometer (Jasco Inc., Tokyo, Japan).
Statistical analysis. data were analyzed using the Student's t-test (GraphPad software, San diego, ca, uSa). a P-value <0.05 was considered statistically significant.
Results

Pre-let-7g expression is absent in human lung cancer cells compared with normal lung cells.
Deficiency of mature let-7 mirna is known to be associated with poor prognosis in lung Figure 1 . Deficiency of pre-let-7g in non-small cell lung cancer cell lines. Semi-qrT-Pcr of expressed pre-let-7g in lung cancer cell lines compared with a normal lung cell line. Quantification (bottom) of expression data for normalized GaPdH. pre-let-7g, precursor let-7g; nlc, normal lung cells; nSclcs, non-small cell lung cancer cells.
cancer patients (2) . Precursor microrna, 70 nucleotides long, can be quantified by PCR analysis. In order to investigate the expression level of pre-let-7g in several lung cancer cell lines (a549, H1703, H520, H460, H226), we extracted total rnas and performed rT-Pcr. compared to the normal lung cells (nlcs), nl20, our results clearly demonstrated low expression of pre-let-7g in nSclc (Fig. 1) . in this regard, we chose a549 cells for further study.
Induction of pre-let-7g represses cap-dependent protein translation in A549 cells. overexpression of pre-let-7g in A549 cells was confirmed by semi-qRT-PCR analysis. our results showed that the pre-let-7g expression level was significantly increased after 48 h ( Fig. 2A and B) . miRNAs initiate the cap-dependent protein translation repression step by binding to complementary sequences in the 3'uTr of their target mrnas (3). To investigate the functional roles of pre-let-7g mirna, a549 cells were co-transfected with pre-let-7g and bicistronic constructs containing a firefly reporter protein driven by a cap-dependent sequence and a renilla reporter protein driven by an internal ribosome entry site (IRES), where the ratio of firefly/renilla luciferase represents cap-dependent protein translation activity. Pre-let-7g reduced firefly luciferase activity by approximately 30% compared to the control (Fig. 2c) . These results indicate that pre-let-7g represses cap-dependent protein translation. We also performed Western blot analysis to investigate the protein level of eiF4e binding protein 1 (4e-BP1), known as cap-dependent translation inhibitor. our results showed that pre-let-7g increased the protein level of 4e-BP1 (Fig. 2d) , suggesting that pre-let-7g inhibits protein translation through cap-dependent protein translation repressor 4e-BP1.
Inducible pre-let-7g retains level of expression. SemiqrT-Pcr was performed in order to determine the expression of pre-let-7g at 24, 48 and 72 h. our results showed that prelet-7g expression increased as a function of time (Fig. 3a) . recent studies have shown the relationship between mirna 
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and p53 in the regulation of mirna (12, 13) . We investigated p53 expression as a possible regulator of pre-let-7g. The results revealed that pre-let-7g significantly increased p53 expression ( Fig. 3B and c) . To examine the effect of p53 on the cell cycle, we performed flow cytometric analysis; however, no significant change in the cell cycle was detected after let7-g transfection (Fig. 3d) .
Pre-let-7g miRNA negatively regulates protein expression of HMGA2 and K-Ras. Western blot analysis was performed in order to determine the effect of pre-let-7g on HMGa2 and K-ras protein expression levels. our results showed that prelet-7g decreased protein levels of both K-ras and HMGa2 (Fig. 4) . notably, knockdown of HMGa2 decreased the protein expression of K-ras; however, knockdown of K-ras did not alter the expression of HMGa2 (Fig. 4) .
Pre-let-7g miRNA causes a strong inhibitory effect on cell migration. Since deficiency of let-7 miRNA causes poor prognosis (2), we hypothesized that deficient pre-let-7g might be associated with cancer cell migration. To determine the effect of let7-g on cell migration, a wound healing assay was performed after the blocking of the cell cycle with mitomycin c. our result showed that pre-let-7g markedly inhibited cell migration after 48 h compared to the control (Fig. 5a) .
To examine the effect of K-ras and HMGa2 on cell migration, we performed an additional wound healing assay in a549 cells transfected with K-ras sirna, HMGa2 sirna, or co-transfected with both K-ras/HMGa2 sirnas at 48 h (Fig. 5B) . our results showed that down-regulation of two targets of pre-let7-g (K-Ras/HMGA2) significantly inhibited cell migration compared to each target alone (Fig. 5B) .
Pre-let-7g miRNAs control E2F1 transcription factor and loss of E2F1 causes repression of cell migration. recent studies Quantification of expression data shown in A. Con, control; Vec, vector control; siK-ras, K-ras sirna; siHMGa2, HMGa2 sirna. data represent the mean ± SEM (n=3). * P<0.05 or ** P<0.01, statistically significant compared to the corresponding control. Figure 5 . inhibitory effect of pre-let-7g on cell migration. (a) cell migration rate via wound healing observed in the a549 cells incubated for 0, 24, 48 and 96 h after transfection in the presence or absence of pre-let7-g and introduction of cell cycle S-phase inhibitor. (B) identical to the protocol in a, cell migration rate via wound healing was observed in the a549 cells incubated for 48 h after transfection with siHMGa2 or siK-ras, or co-transfection with siHMGa2/K-ras compared with the a549 control cells, respectively. con, control; Vec, vector control; siK-ras, K-ras sirna; siHMGa2, HMGa2 sirna, siK-ras/HMGa2, co-transfected HMGa2 sirna and K-ras siRNA. Data represent the mean ± SEM (n=3).
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have shown that overexpression of HMGa2 is associated with malignant tumors (14) . HMGa2 has also been reported to facilitate the binding of e2F1 to promoters and to promote acetylation of histones on e2F1 target promoters (15) . Based on the above findings, we hypothesized that E2F1 expression might be correlated with a change in cell migration by pre-let-7g. in order to examine whether or not pre-let-7g affects e2F1 expression, we performed Western blotting to analyze e2F1 expression in a549 cells after pre-let-7g transfection. our results revealed that pre-let-7g negatively regulated e2F1 ( Fig. 6a and B) . additionally, in order to investigate whether or not the down-regulation of e2F1 was triggered by pre-let-7g-mediated down-regulation of HMGa2, Western blotting was performed after siHMGa2 and/or siK-ras transfection. our results revealed that down-regulation of HMGa2 negatively regulated e2F1, whereas no such effects were observed for siK-ras (Fig. 6B) . To observe subcellular localization and expression of e2F1, we also performed immunochemistry. Fluorescence microscopic images revealed that pre-let-7g decreased the expression of e2F1 in the nucleus ( Fig. 6c ; top right). a wound healing assay was also performed to determine whether or not down-regulated e2F1 inhibits cell migration. our results revealed that the down-regulation of e2F1 markedly repressed cell migration in a549 cells (Fig. 6d) . in the present study, pre-let-7g mirna levels were reduced in lung cancer cell lines (Fig. 1) . a decreased level of let-7g was previously found to be associated with poor clinical prognoses for lung cancer patients (2) . in this study, we investigated the functional consequence of let-7g expression on lung cancer cell migration in order to study the potential correlation of let7-g with lung cancer metastasis. We used pre-let-7g, which has a stable hairpin structure and enough length for detection by rT-Pcr compared to mature let-7g mirna. Pre-let-7g recovered low let-7g expression in a549 lung carcinoma (Fig. 2a-e) . notably, pre-let-7g increased p53 expression. The pre-let-7g level was also retained on a long-term basis. Together, increased p53 did not cause changes in the cell cycle or cell viability. Without doxycycline, let-7g alone was found to be insufficient to cause suppression of tumorigenesis (7) . doxycycline increases p53 levels and many mirna transcripts expressed by p53 (16) . let-7g with doxycycline also increases the level of p53 (7) . one recent study reported that the promoter for primary let-7g expression has a putative p53 binding site (13) . Thus, a possible mechanism may be p53 regulation of the let-7g level.
To date, HMGa2 and K-ras, two targets of let-7g, have emerged from a number of studies (7, 10, 17) . as a target of let-7g, reduced HMGa2 has been demonstrated to inhibit aggressiveness in lung cancer (18) (19) (20) . in particular, we focused on the combined targeting of K-ras and HMGa2 by pre-let-7g. We also investigated the effects of pre-let7-g on cancer cell migration. our results are consistent with results from a recent report indicating that the induction of K-ras and HMGa2 caused features of metastasis (21) . in the present study, the effect of the combined targeting of K-ras and HMGa2 resulted in a stronger inhibition of cell migration compared to each target alone (Fig. 5B) . notably, gene silencing of HMGa2 led to decreased K-ras, but not the silencing of K-ras (Fig. 4B) . Thus, according to this result, it is possible that HMGa2 may act as an upper signal of K-ras.
Although the gene silencing efficiency of siHMGA2 is weaker than that of siK-Ras (Fig. 4A) , the inhibition efficiency of siHMGa2 on cell migration was stronger (Fig. 5B) . We subsequently confirmed that pre-let-7g reduced E2F1 expression ( Fig. 6a and B) . in particular, the e2F1 level was drastically decreased in the nucleus (Fig. 6c) . These results are consistent with findings from several studies indicating that HMGa2 enhances e2F1 activity (15) and ablation of e2F1 impairs wound healing (22) . importantly, among the two targets of let-7g, the gene silencing of siHMGA2 significantly decreased e2F1 expression, while that of siK-ras did not show significant change (Fig. 6A and B) . Thus, according to these results, HMGa2 appears to modulate e2F1 activity, which suggests that let-7g-mediated e2F1 knockdown is correlated with inhibition of cancer cell migration (Fig. 6d) .
Members of the let-7 family have been reported to regulate self-renewal (23, 24) , proliferation (25,26), the cell cycle (17, 27, 28) and apoptosis (29) . However, most studies on let-7g have found a correlation with drug-sensitivity (7), radiation-sensitivity (30, 31) or metastasis (32) . it is possible that let-7g alone may not be a primary contributor to the suppression of tumorigenesis. in summary, our data support the hypothesis that the recovery of pre-let-7g expression inhibits cell migration in lung cancer cells. Furthermore, pre-let-7g may be a powerful diagnostic marker for the aggressiveness of lung cancer cells. Taken together, our findings suggest that the use of pre-let-7g with therapeutic agents in the treatment of metastatic lung cancer may be clinically relevant.
